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Abstract 
Carbon and transition metals have emerged as promising candidates for many energy 
storage and conversion devices. They facilitate charge transfer reactions whilst showing 
a good stability. These materials, fabricated as freestanding electrodes pose the 
potential of simplified electrode manufacturing procedures whilst demonstrating 
excellent electrocatalytic, mechanical and structural properties, resulting from inter-
connected (via chemical or van der Waals force bonded) network structures. In such 
freestanding configuration, the lack of a binder leads to a better conductivity, ease in 
the manufacturing processing and allows a lower catalyst mass loading, all of which 
lead to obvious benefits. 




This review summarizes different fabrication techniques of freestanding non-precious 
metal oxygen electrocatalysts along with their performance towards oxygen evolution 
reaction (OER) and / or oxygen reduction reaction (ORR). Here we discuss 
electrocatalysts produced using freestanding substrates and those obtained via self-
assembly of different precursors. The advantages of using freestanding versus non-
freestanding configurations are also pondered. Challenges and perspectives for 
freestanding electrocatalysts are presented at the end of the review as a guideline for 
future studies in the field. This work is expected to serve as inspiration for science 
colleagues to develop further studies into design, processing and testing strategies of 
freestanding low-cost oxygen electrocatalysts. 
1. Introduction 
The oxygen reduction and evolution reactions (oxygen reduction reaction (ORR) and 
oxygen evolution reaction (OER), respectively) involve complex electronic pathways 
which result in high overpotential and sluggish kinetics, and therefore, the bottleneck 
for further development of relevant energy technologies, including metal-air batteries, 
fuel cells and water electrolyzers. An efficient, stable and low cost electrocatalyst 
would translate into economically feasible implementation of those technologies, which 
would form a foundation for a sustainable energy economy.  
Over the past few years, various materials have been employed in oxygen 
electrocatalysis.[1] Among them, traditional precious metals catalysts have consistently 




achieved high performance.[2] However their applications are limited by their high cost 
and scarcity.[3] For this reason, and due to the recent development of electric vehicles, 
precious metal-free materials have attracted great interest as alternative low-cost 
sustainable electrocatalysts, exhibiting competitive electrocatalytic activity.[4] Among 
them, transition metal compounds and carbon-based nanomaterials including: metal 
oxides (spinels, perovskites), hydroxides, sulphides, heteroatom-doped carbon, 
defective carbon and carbon nitrides have been demonstrated to be promising 
substitutes.[5]  
Most of the catalysts tested in powder form are drop-casted onto a rotating disk 
electrode (RDE) or rotating ring-disk electrode (RRDE) to evaluate their 
electrochemical performance. This configuration allows us to achieve system 
conditions where the steady-state current is not controlled by the diffusion of species in 
the electrolyte, but by the static flow generated by the electrode rotation, which in turn 
provides information on electron transfer kinetics and electrochemical reaction 
mechanisms. The catalyst coating on the electrode requires the assistance of a binder, 
thus featuring the disadvantages of high resistance and low stability. This results in the 
potential dissolution of the binder into the electrolyte during the cycling process which 
in turn would trigger the detachment of the catalyst from the rotating disc electrode.[6] 
Freestanding materials can be processed in a three-dimensional (3D) morphology 
without the assistance of additives or extra substrates, and exhibit compact structure, 
excellent mechanical properties, high mass loading as well as efficient internal mass 




and charge transfer, which would potentially lead to much higher current density and 
stability, when compared to powdered oxygen electrocatalysts.[7] However, using RDE 
or RRDE is more challenging when working with freestanding electrocatalysts, as they 
need to be cut into pieces of size matching that of the glassy carbon RDE / RRDE. 
Although, this process may seem easy, attaining precise, reliable and reproducible RDE 
/ RRDE data using freestanding electrocatalysts is not straightforward and requires 
some special research skills.  
Moreover, in some practical applications such as fuel cells and metal-air batteries, an 
air electrode with hierarchical porous structure is highly recommended for gas diffusion 
requirements.[8] In the case of conventional powder catalysts, 3D substrates are 
commonly applied to fabricate air electrodes, which involve further steps and therefore 
increase the complexity of their manufacture. Moreover, the interface catalyst coating 
- substrate further leads to the further problems in resistance, stability and low mass 
loading.[9] Additionally, fabrication of air electrodes of metal-air batteries is requires a 
bifunctional electrocatalyst active towards both OER and ORR. 
Up to date, much efforts have focused on producing freestanding electrodes across 
different fields, leading to excellent reviews on materials synthesis, manufacturing 
strategies, and the applications in energy, environment and healthcare.[6, 10] The present 
review will only focus on freestanding materials for oxygen electrocatalysis (Scheme 
1). Freestanding oxygen electrocatalysts have been divided into two main groups, 




according to whether they are deposited onto existing commercial skeletons that also 
contribute to the electrocatalytic activity in the electrocatalytic process, or self-
supported oxygen electrocatalysts. The active materials employed, their structural 
features, physicochemical characterization, electrochemical testing methods and 
electrocatalytic activity are also discussed. We are confident this review will inspire 
more research devoted to creating highly efficient freestanding oxygen electrocatalysts, 
and their incorporation into sustainable energy technologies. 
2. Fabrication of freestanding materials for oxygen electrocatalysis 
Efficient oxygen electrocatalysts possess specific structural characteristics which, when 
fabricated into a freestanding form, must be preserved for the catalyst to perform 
comparatively. Primarily, an electrocatalyst structure must facilitate oxygen, 
electrolyte, and electrons accessibility to the active sites. Consequently, oxygen 
electrocatalysts are usually designed to have a hierarchical porous structure resulting in 
high surface area and abundant channels for gas and electrolyte transfer accompanied 
by high electrical conductivity.[11] Fabrication techniques leading to the formation of 
such appropriate structures can be classified into two categories: (1) substrate-
supported fabrication, which involves the deposition of the catalytic material on a pre-
existing substrate  (usually the case for transitional metal materials and part of carbon-
based electrocatalysts); and (2) self-fabrication of suitable skeleton which itself 




represents the catalytic material (commonly for self-assembly monolithic carbon-based 
materials). 
2.1. Substrate-supported fabrication  
This strategy involves the use of an existing 3D substrate as the skeleton. The substrates 
typically include metal foams such as Ni foam and Co foam, as well as other metals in 
form of foam or foil.[7, 9, 12] Carbon substrates such as carbon fiber-based flexible paper 
and cloth are also widely applied.[13] The active materials are then deposited on the 
substrate to form a strong chemical bond connection, leading to the formation of a 
composite structure.[14] The active material can also be loaded onto the substrate 
framework by in situ growth of nanoparticles on the surface of the skeleton.[15] In other 
cases, the active sites are directly derived from the substrates through oxidation, etching 
or doping.[13g, 13i, 13j] Typically, carbon fiber-based flexible paper has been used in 
energy storage devices such as Zn-air batteries serving as the catalysts carrier and 
support for hydrophobic layer utilized to facilitate the gas diffusion.[5d, 16] Meanwhile, 
metal foams are usually applied to energy conversion devices such as water 
electrolysers due to their intrinsic electrocatalytic activity.[17] 
2.1.1. Electrochemical deposition techniques  
Electrodeposition techniques involve the deposition of metal precursors or carbon 
nanomaterials previously present in an electrolyte bath by applying a voltage to the 
substrate material (which also acts as electrode). The technique has been widely used 




to deposit both carbon and metal materials producing freestanding electrocatalysts on a 
variety of substrates, including stainless steel mesh and Ni foam.[6] One example of 
freestanding OER electrocatalyst prepared using this technique is the deposition of a 
highly active amorphous mesoporous nickel–iron composite nanosheets on a Ni foam, 
by using nickel nitrile and iron nitrile precursors in hydrochloric acid as electrolyte.[7]  
By varying the voltage applied and electrolyte composition, electrodeposition 
techniques enable precise control of the nucleation and growth processes, as well as the 
purity, structure and morphologies of the deposits obtained.[18] Furthermore, due to 
facile one-step approach, this synthesis is promising in large-scale fabrication.  
2.1.2 Chemical vapour deposition  
Chemical vapour deposition with its many variations, including aerosol assisted vapour 
deposition or plasma enhanced vapour deposition, typically consists of exposure of a 
substrate to volatile precursors which react and/or decompose on the substrate surface 
to produce the desired product.[19] Fabrication of freestanding materials for 
electrocatalysis with a foam-like structure has been demonstrated using template-
directed chemical vapour deposition of graphene onto nickel foam, followed by coating 
with PMMA and etching with HCl and acetone.[20] Other approaches involved pre-
treatment of a carbon paper substrate with oxygen plasma and coating with Al2O3, 
which allowed for vertical growth of carbon nanotubes, followed by further deposition 
of nickel cobalt sulphide and poly-pyrrole using a plasma-enhanced chemical vapour 




deposition reactor.[21] Direct growth of nitrogen-doped carbon nanotubes on metal 
foams has been demonstrated to produce freestanding air cathode for Zn-air batteries 
which demonstrated remarkable performance.[22] Vapour deposition techniques have 
the potential of creating porous composite structures with superior electrical 
conductivity, excellent mechanical properties and offer high degree of control over the 
final microstructure.  
2.1.3. Hydrothermal deposition  
Hydrothermal deposition comprises sealing a substrate, typically metal foams, along 
with precursors of a second component to be deposited, into a Teflon inlet, and applying 
temperature over prolonged period of time leading to the growth or deposition of 
nanostructures onto the substrate material.[12c, 23] Other than commonly used 
carbonaceous materials, metal ions could also be employed for hydrothermal 
deposition, diffusing into the substrate during the thermal treatment to form 
nanoparticles.[24] A substrate may further be imparted with balanced hydrophobic and 
hydrophilic properties which had been shown to enhance oxygen diffusion and surface 
wetting and improving the electrocatalytic performance, oxygen diffusion and 
increasing conductivity.[11, 25]  
Hydrothermal methods are frequently chosen for deposition or growth of electroactive 
materials as well as for modifying the chemical properties of the substrate. They 
represent an environmentally friendly and cost-effective approach that promote the 




formation of a well-connected active material/substrate interface great with controllable 
nanostructure and surface chemistry.[26] 
2.2. Self-fabricated electrocatalysts 
Efficient electrocatalysts can also be prepared through the synthesis of self-supported 
structures with the appropriate porosity and active sites, necessary to catalyse the 
oxygen electrocatalytic reactions. Such synthetic procedures typically involve 
agglomeration, cross-linking or polymerization of building blocks like metal organic 
frameworks (MOFs), small organic molecules, transition metal compounds and carbon 
nanomaterials (CNTs, graphene and others.) to form porous 3D structures so-called 
foams, sponges and aerogels. [15, 27] Carbon materials are predominantly prepared using 
self-fabricated technique, due to their ease of manufacture and modulation relatively to 
metals. 
2.2.1. Hydrothermal Methods  
Similarly to substrate-supported electrocatalysts, hydrothermal treatment can also be 
applied to develop either monolithic carbon-based materials which can be shaped into 
different forms of standing electrodes, or graphene/CNT based composites, which can 
be subsequently mechanically pressed into freestanding pellets.[28] Both of the above 
strategies are widely applied in carbon-based materials hydrothermal synthesis.[29] The 
introduction of additional precursors during the hydrothermal treatment can lead to 
heteroatom doping or else to the introduction of transitional metals-based nanoparticles 




within the carbon matrix to provide additional efficient active sites.[24a] Post-treatment 
such as annealing processes can further promote the assembly/stabilization of the active 
sites.  
2.2.2. Film Casting  
Film casting has also been applied to create flexible films from solutions or suspensions 
via evaporation or vacuum filtration.[30] Vacuum filtration is most commonly applied 
due to its scalability, reproducibility, efficiency and high degree of control over the film 
thickness.[31] The procedure relies on utilizing a semi-permeable membrane (e.g. filter 
paper) designed to stop the constituents of the film while permitting passage of the 
solvent under applications of vacuum used to generate the pressure necessary for the 
solvent movement. However, the transfer of the ultrathin film from the undesired 
substrate (e.g. filter paper) is usually challenging.[32] Film casting methods are widely 
used for carbon materials, carbon nanotubes, carbon fibers, and graphene nanosheets to 
enhance the mechanical strength and conductivity of the films.[33] This method requires 
relative simple operation and is applied to cast ultrathin films in thickness of 
micrometer scale.[34] 
2.2.3. Electrospinning 
Electrospinning is a fiber production method that employs an electric field to draw 
charged threads from a polymer solution or polymer melt up to fiber diameters in the 
nanometer scale.[35] The carbonization of the polymer fibers yield a conductive 




nanofiber network with controllable fiber porosity. Inorganic active sites or heteroatom 
dopants can be introduced also during electrospinning by selecting suitable 
precursors.[36] This method affords the advantages of allowing high degree of control 
over the final electrocatalyst morphology as well as relatively low processing cost and 
scalability. A relatively simple preparation of a freestanding electrocatalyst with 
activity towards ORR via electrospinning has been demonstrated by Liu et al., who 
electrospun polyacrylonitrile subsequently carbonized under nitrogen and etched with 
ammonia to increase the nitrogen dopant content in the fibers. Unfortunately, some 
complications in the synthesis led to low reproducibility of the results.[12c]  
2.2.4. Hard Templating 
Templating is widely used for the synthesis of nanostructured materials. A variety of 
templates have been extensively applied to synthesize morphology-controllable 
nanostructures, such as hollow and mesoporous, with preserved 3D structure after the 
removal of the templates.[37] Metal foams such as Ni foam have been reported to serve 
as hard templates for the construction of freestanding electrodes, showing a well-
structured macro-porous structure.[17] Templating methods provide a precise control 
over the resulting catalysts and lead to the desired hierarchical porous structures thus 
contributing to the oxygen diffusion and the creation of highly active sites.[20, 38] The 
removal of the hard template in some cases still remains a critical problem, which 
requires aggressive etching. 




2.2.5. 3D Printing  
Additive manufacturing techniques offer the prospect of allowing fine tuning of the 
structure and composition of the final electrode, allowing the fabrication of complex 
geometries at a low processing cost with minimal material wastage.[39] A wide range of 
nanostructured compounds can be dispersed in common solvents together with a 
binding polymer to form inks that can be extruded through the printer nozzle mounted 
on a three-axis motion stage, capable of accurately layering a porous electrode 
structure, preliminarily designed utilizing CAD software. In 2018, the first 3D printed 
freestanding cathode for Li-O2 was reported.
[40] A nanoporous graphene oxide ink in 
water was extruded into a highly porous mesh. In this case, however, the authors 
employed ruthenium salt, a noble metal, to enhance OER/ORR activity. Other efforts 
such as the creation of freestanding stretchable electrode via 3D printing of carbon 
nanotubes with polydimethylsiloxane in ethyl acetate solvent, demonstrate the potential 
of this technique in self-supported electrocatalyst manufacturing.[40-41] 
2.3. Other techniques   
Other technique for self-supported freestanding oxygen electrocatalysts worth 
mentioning is the flow-directed assembly, which has been shown to produce 
freestanding graphene oxide films with controllable thickness. One can easily imagine 
extending this technique to create modified graphene oxide with electrocatalytic 
properties whilst inducing further porosity using salt activation techniques and heat 




treatment.[42] Electropolymerization techniques, which relay on the polymerization 
reaction occurring on a conductive substrate submerged in the monomer solution 
induced by application of electrical potential, has recently been used to electrodeposit 
Ni nanoparticles on Ni foam followed by electropolymerization of aniline, producing a 
freestanding electrocatalyst active towards hydrogen evolution reaction.[43] 
Frequently, multiple fabrication strategies are used in conjunction with one another, for 
example, carbon substrate can be decorated with nanostructures through hydrothermal 
treatment followed by electrodeposition and chemical treatment such as sulfuration to 
incorporate nanosheets/nanoparticles.[13h, 44] 
3. Freestanding materials for oxygen electrocatalysis 
3.1. OER electrocatalysis 
Non-noble metal freestanding OER electrocatalysts have received a great deal of 
attention as a consequence of the increasing cost and global scarcity of current state-of-
the-art precious metals. In the case of water oxidation or oxygen evolution, carbon-
based materials and transitional metal compounds supported on metal foam (e.g. Ni, 
Co) have shown great promise as freestanding electrocatalysts for OER.[45] Carbon-
based materials are usually highly conductive and provide a high degree of control over 
the micro and macro porosity of the final structure, making them an attractive choice 
for OER electrocatalysis.[1c, 46] Unfortunately, carbonaceous materials are prone to 
oxidation during the OER.[47] At 1.23 V, which is the theoretical thermodynamic 




potential for OER to occur, the thermodynamically favourable oxidation of carbon to 
carbon dioxide and carbon monoxide takes place instead of oxygen evolution in acidic 
media.[47] Carbon stability has been improved by creating structures with a high degree 
of graphitization.[48]  In the case of transition metal compounds deposited onto metal 
foams, the limited conductivity, and reactivity of catalytic surface as well as stability 
often pose problems.[49] Some of these limitations have been effectively overcome 
through strategies such as the in situ growth of the electroactive material on the 
substrate or by pyrolysis of the electrode.[50] 
3.1.1. Transition metal compounds on pre-formed skeletons 
Transition metal (Fe, Co, Ni, etc.) compounds have been widely investigated as OER 
electrocatalysts.[5b, 51] Most of transition metal catalysts are synthesized in the form of 
powder, exhibiting various nanostructures with the purpose of enlarging the surface 
area. To fabricate freestanding electrocatalysts, these nanoparticles are often deposited 
on 3D skeletons such as metal foams, metal foils, and carbon-based materials (carbon 
fiber paper, carbon cloth, etc.), usually showing high electrical conductivity and high 
mechanical strength.[49c, 52] Some of the metal skeletons are also electroactive for 
OER.[53] Herein, transition metal-based oxygen electrocatalysts deposited onto 3D 
skeletons for OER electrocatalysis are discussed. 
Ni foam 
Commercial Ni foam is the most commonly used skeleton for freestanding OER 
catalysts.[6] Various kinds of transition metal compounds supported on Ni foam have 




been reported as OER electrocatalysts, including layered double hydroxides (LDHs), 
perovskites, sulphides, and phosphides.[9, 12k, 54] Sun et al. reported a NiFe LDH film 
deposited on Ni foam as OER electrocatalyst.[55] Figure 1a presents the optical images 
of Ni foam before and after the deposition of LDHs. Ni foam shows a 3D monolithic 
structure with a brown film of NiFe LDH nanosheets coated on the surface via 
hydrothermal deposition. In the scanning electron microscopy (SEM) images of Figure 
1b and 1c, LDH nanosheets with diameter of around 100 nm can be seen grown 
vertically on the Ni foam substrate. The OER activity of the NiFe LDH-based 
freestanding electrocatalyst is presented in Figure 1d-1f, including the linear sweep 
voltammetry (LSV) plots, Tafel plots and stability test. The Ni foam supported NiFe 
LDH achieved an OER current density of 30 mA cm−2 at a small overpotential of 280 
mV, and Tafel slope of only ~50 mV dec−2, surpassing the performance of commercial 
IrO2 catalyst. This freestanding electrocatalyst also showed excellent stability as 
suggested by negligible degradation of the OER current density after 10 h potentiostatic 
testing. 
Besides LDH, other kinds of transition metal compounds deposited on Ni foam with 
high OER activity were also reported. Recently synthesized CoP mesoporous nanorod 
arrays on conductive Ni foam led to a performance comparable to that of IrO2 (1.52 V 
vs. reversible hydrogen electrode (RHE) at 10 mA cm-2) and even higher stability than 
IrO2 (91.5% current density retention, after 32 h, and 1.54 V vs RHE at 10 mA cm
-2 for 
32 h, whereas state-of-the-art IrO2 only retained 53.4% current density).
[12b] 




Unfortunately, this was only true at low current densities. Also, promising is the work 
by Wang et al., who created a self-supported 3D porous nickel phosphide (Ni-P) foam, 
with a Ni2P skeleton with vertically aligned Ni5P4–NiP2 nanosheets that exhibited a 
current density of 191 mA cm-2 at an overpotential of  350 mV in 1.0 M KOH as well 
as long-term stability (10 mA cm-2 at 1.45 V vs. RHE for 26 h).[12h]The good 
performance of this compound was attributed to the formation of NiO/Ni(OH)x, 
producing a Ni-P/NiO(Ni(OH)x) heterojunction.
[12h] Another highly efficient OER 
electrocatalyst, based on ferrous metaphosphate on self-supported conductive nickel 
foam Fe(PO3)2 Ni2P/Ni foam, exhibited excellent electrochemical performance, with an 
overpotential of only 218 mV in 0.1 M KOH, at 10 mA cm-2.[56] When compared to 
state-of-the-art IrO2, Fe(PO3)2 would only need 273 mV overpotential to yield 500 mA 
cm−2 current density, compared to the 380 mV overpotential needed for IrO2. XPS 
analysis indicated that the plateau was attributed to the amorphization of Fe(PO3)2 and 
formation of FeOOH. This corroborated another study which revealed that FeOOH 
deposited onto Ni foam was a remarkable OER electrocatalyst.[57] It has also been 
reported that trace amounts of Fe in NiOx/NiOOH would lead to a significant 
improvement in electrocatalytic activity.[58] Amongst other examples of electrocatalyst 
utilizing Ni foam substrate is P-doped Co3O4 which impressively achieved a current 
density of 10 mA cm2 at an overpotential of 280 mV and Tafel slope of 51.6 mV dec-
1.[59] The doping has been performed using a novel approach consisting of irradiation 
in the presence of phosphorous source of the electrodeposited Co3O4 with Ar plasma, 




designed to increase the number of oxygen vacancies subsequently filled by 
phosphorous atoms.[59] 
In these works, the Ni foam skeletons provided metal frameworks for electron transport, 
macropores for gas diffusion, and large catalyst loading amount. The Ni foam itself is 
also active for OER electrocatalysis, as its surface is oxidized to oxides at high 
potential. 
Other metal foams 
Besides Ni, Co, and Fe foams can also serve as the skeleton of freestanding OER 
electrocatalysts. Co and Fe foams have the structure similar to that of Ni foams, and 
also possess the advantages such as high conductivity and intrinsic OER activity. In 
2017, a cobalt foam supported Co9S8 catalyst was reported by Liu et al.
[12f] This catalyst 
exhibited an overpotential for 10 mA cm-2 OER current density (η10) of 350 mV, a high 
OER current density up to more than 300 mA cm-2, and a small Tafel slope of 55 mV 
dec-1. The same group also synthesized CoP nanowires grown on Co foam as OER 
electrocatalyst, reporting a low η10 (248 mV), and high current density (more than 300 
mA cm-2)..[12e] Fe foam was used as catalyst substrate by Chen et al.[12a] in a study where 
NiFeOx was coated on Fe foam and tested as OER electrocatalyst, in 1.0 M KOH. A 
current density of 5 mA cm−2 and 1000 mA cm−2 were achieved at overpotentials of 
220 and 300 mV, respectively. These works indicate that Co and Fe foams are good 
alternatives to Ni foams. 
Stainless steel mesh 




Recently, Zhang et al. reported Ni(Fe)OxHy on stainless steel mesh as OER 
electrocatalyst.[60] The OER current density reached 20 mA cm-2 at the overpotential of 
0.23 V vs RHE, and surpassed 400 mA cm-2 at an overpotential below 1.6 V vs RHE. 
Summarizing, the porous 3D metal skeletons, including metal foam and metal mesh, 
constitute an excellent group of materials to serve as skeletons of freestanding OER 
electrocatalysts. 
Metal foil 
Compared with metal foams, metal foils are non-porous, and have lower specific 
surface area. Therefore, metal foils are not often utilized as OER electrocatalyst 
substrates. Xu’s group synthesized cobalt phosphides on cobalt foil for OER 
electrocatalysis.[61] The Co-foil supported catalyst showed a low η10 of 319 mV in 1.0 
M KOH solution. They also reported a Ni-Fe sulfide catalyst grown on NiFe alloy foil, 
and the catalyst also exhibited excellent OER performance with an η10 of 282 mV in 
1.0 M KOH.[62] However, the current densities at high overpotential of the metal foil 
supported catalysts were inferior to that of the metal foam/mesh supported catalysts. At 
1.7 V vs RHE, the OER current densities of both catalysts were less than 100 mA cm-
2, which could be attributed to the relatively low catalyst loading amount on the metal 
foil substrates compared to porous alternatives. 
Carbon substrates 
Compared with metal skeletons, carbon-based skeletons show lower stability at high 
overpotential; however, their unique characteristics such as high electric conductivity 




and tuneable hierarchical pore structure, which benefit for charge and mass transfer 
have made them widely applied as substrates for OER electrocatalysts. In 2015, Liu’s 
group designed a flexible oxygen evolution electrode by depositing NiCo2O4 core-shell 
nanowires on carbon cloth.[13l] The η10 of the flexible OER catalyst was 320 mV, and 
the Tafel slope was 47.4 mV dec-1. At the overpotential of about 450 mV, the current 
density achieved 300 mA cm-2. Up to now, many kinds of transition metal compounds 
deposited on carbon-based skeletons have been reported to exhibit excellent OER 
performance. Some examples include nickel borate on carbon cloth, Co-doped ZnO on 
carbon fabric, Co4N on carbon cloth, and nickel phosphide on carbon fiber paper.
[13f, 
13k, 63] 
Transition metal-based OER electrocatalysts have high intrinsic activity. When 
fabricated as freestanding materials, the structural features of the skeletons can be 
modified to further enhance the OER performance, towards low overpotential and high 
current density. The OER performance of the freestanding OER electrocatalysts 
discussed above are listed in Table 1. 
3.1.2. Carbon-based materials 
Carbon materials such as carbon nanotubes (CNTs), graphene, or carbon nanoribbons 
are an attractive class of materials for electrocatalysis due to their large specific surface 
area, high electrical conductivity and easily tuneable structure.[64] These materials are 
typically modified through heteroatom doping or defect engineering prior to their use 
as freestanding electrocatalysts due their intrinsically low electroactivity. Heteroatom 




doping involves carbon substitution by more electronegative atoms such as nitrogen or 
oxygen causing redistribution of electron density which renders the adjacent carbon 
atoms more positively charged leading to its stronger affinity towards the reaction 
intermediates. Similarly, topological and edge defects in graphitic carbon materials 
introduced during heat treatment or by chemical means result in breakage of charge 
neutrality.[65] Both induce a more optimal adsorption of the OH− ions and hence the 
energy barrier for recombination of intermediates such as O2− and O2
2− to O2 decreases, 
as described by Sabatier principle.[13i, 28a, 66] The highly electroactive carbon material 
can subsequently be processed into a self-supported hydrogel or foam by utilizing 
filtration, chemical reduction or hydrothermal treatment.  
Self-fabricated carbon-based electrocatalysts 
The high attainable electrocatalytic performance of such self-supported electrocatalyst 
has been demonstrated by Qiao et al., who fabricated nitrogen and oxygen co-doped 
graphene-CNT composite hydrogel films by utilizing filtration to induce layer-by-layer 
assembly of chemically converted graphene and carbon nanotubes, followed by further 
nitrogen doping under ammonia gas at elevated temperature and pressure.[28a] The film 
displayed a low onset potential of 315 mV in 0.1 M KOH electrolyte reaching the 
current density of 5 mA cm−2 and 14.8 mA cm−2 at overpotentials of 368 mV and 564 
mV respectively, exceeding the performance of traditionally used IrO2 (Figure 2a). 
Moreover the electrocatalyst exhibited high durability in alkaline electrolytes with less 
than 20% anodic current loss during 800 continuous potential cycles further verified by 




chronoamperometric analysis showing insignificant performance attenuation after 
operation for 5000 s (Figure 2b).[28a] Other efforts by the Qiao’s group included the 
synthesis of a hybrid N-doped carbon/NiCO2O4 electrocatalyst also achieved using 
chemical modification and filtration of graphene to obtain porous graphene film 
hybridized by heterogeneous reaction with metal salts at elevated temperature.[67] The 
catalyst reached current densities of 5 mA cm−2 and 21.1 mA cm−2 at overpotentials of 
373 and 564 mV exceeding the performance of pure NiCO2O4 electrocatalyst.  
Substrate-supported fabrication of carbon-based electrocatalysts 
In other work by Qiao et al., cellulose based paper was used as a framework onto which 
graphene oxide and carbon nitride were deposited by dip coating and subsequently 
reduced and nitrogen-doped using hydrazine. This electrocatalyst film delivered the 
current density of 10 mA cm−2 at 414.5 mV overpotential.[68] Unfortunately, this 
multistep method proved to be too complicated and required relatively expensive 
graphene oxide precursor along with large amounts of acids, oxidants, and toxic 
reducing agents, limiting their commercial applicability. Yu et al. attempted to address 
this by fabricating a nitrogen and sulphur co-doped graphite foam (NSGF) from 
commercially available graphite foil (GFL) as freestanding OER electrode.[69] This 
fabrication strategy used a cheaper hydrothermal treatment instead, thermal treating 
graphite foil with thiourea as dopant followed by a simple washing step. The electrode 
achieved a current density of 10 mA cm−2 at an overpotential of only 380 mV in 0.1 M 
KOH. The stability tests showed less promising results with retention of only 77% of 




the initial current density.[69] Qiao’s group recently transformed commercially available 
carbon fiber paper into electroactive nitrogen doped graphene foam in a two-step 
process involving electrochemical expansion followed by chemical doping.[70] The 
electrocatalyst achieved 10 mA cm−2 at the overpotential of 380 mV. The electrocatalyst 
showed encouraging stability with current density decay of only 4.8% after a 16 h of 
constant operation at potential of 1.61 V and minimal activity diminishment during 
5000 accelerated cyclic voltammogram cycles as Zn-air battery electrode. 
In summary, noble-metal free carbon catalysts show a great promise as alternative OER 
electrocatalyst for application in water splitting, exceeding noble metal efficiencies, 
while issues of stability are less prominent. Difficulty in the control of porosity and 
defect distribution or lack of site selectivity during doping remain a challenge.[71] 
Recent fabrication methods such as 3D printing, vapour deposition methods or novel 
combinations of more traditional manufacturing techniques will provide the feasibility 
of mediating them.  
3.2. ORR electrocatalysis 
The oxygen reduction reaction (ORR) is a pivotal reaction resulting in breakage of the 
oxygen-oxygen bond of molecular oxygen, enabling release of energy though 
biological respiration, with its kinetics predominantly determining the efficiency and 
stability of fuel cell cathodes and discharge characteristics of metal-air batteries. 
Currently commercialized Pt group electrocatalysts suffers the problems of scarcity and 
easily degradation, so that noble-metal free materials with outstanding catalytic activity 




and sustainability has demonstrated great potential as alternative electrocatalysts.[13d, 72] 
Great progress has been achieved in precious metal free electrocatalysts in recent years, 
some of which demonstrated comparable ORR catalytic activity and long term stability 
compared with commercial Pt.[13d, 72a, 73] Freestanding electrocatalysts demonstrated 
unique advantages such as interconnected hierarchical pore structure which facilitated 
mass and charge transfer.[6] However, studies on freestanding electrode ORR catalysts 
are still rare, the big limitation being the lack of a three-dimensional pore structure that 
can effectively diffuse oxygen, as well as suitable testing methods.[13h] Compared to the 
OER, the ORR is highly dependent on the access of molecular oxygen which is a 
reactant for ORR reaction, to the active site.[74] This access is usually provided by a gas 
(oxygen) flow generated by the electrode rotation during characterization, so that the 
steady-state current is not controlled by the diffusion of species in the electrolyte. 
Recently some researchers have reported an approach to test ORR while maintaining 
the freestanding feature.[13h, 17, 75] This involved cutting the freestanding catalyst into a 
small piece of precisely the size of the glassy carbon disc and sticking it onto the 
RDE/RRDE with addition of small amount binder.[17, 75] 
3.2.1. Self-fabricated electrocatalysts 
Liu et al. reported free-standing nitrogen-doped carbon electrospun nanofibers (N-
CNF) based on polyacrylonitrile (PAN (Figure 3a, b)).[75] They were tested by placing 
a piece of freestanding electrocatalyst onto the RDE. This approach seemed to improve 
the gas transport during ORR because the RDE created a static flow rate to promote the 




gas diffusion. The ORR onset potential and half-wave potential for the N-CNF 
freestanding electrocatalyst were ‒0.034 and ‒0.182 V, respectively, where the onset 
potential was about 45 mV more negative than commercial Pt/C catalyst (Figure 3c). 
Moreover, N-CNF exhibited 6.6% drop of current density after 10,000 s under 
continuous operation while Pt/C showed 16.3% drop of current density (Figure 3d). 
The comparable onset potential of N-CNF was attributed to the N-induced charge 
redistribution and the hydrophilicity of N-CNF, while the superior stability of N-CNF 
has been attributed to its free-standing structure. 
3.2.2. Substrate-assisted electrocatalysts 
Similarly, Cai et al. reported N-doped vertically aligned carbon nanotubes supported 
on graphene foam (N-VA-CNTs/GF).[17] The electrocatalytic activity was tested by 
adhering a piece of N-VA-CNTs/GF film on RDE.[76] The fabrication route of these N-
VA-CNTs/GF is illustrated in Figure 4a. Chemical vapour deposition (CVD) was first 
applied to form graphene foam (GF) on Ni mesh followed by impregnation with 
catalysts and growth of vertically aligned carbon nanotubes (VA-CNTs). The Ni mesh 
was removed by an etching process followed by coating with PANI to produce N-VA-
CNTs/GF. The electrochemical testing was then conducted by cutting N-VA-CNTs/GF 
films into 1mm diameter pieces and sticking them on the surface of glassy carbon with 
a 1 µL 0.5 wt% of Nafion solution. As illustrated in Figure 4b, VA-CNTs/GF sample 
annealed at 800°C exhibited comparable limiting current density to commercial 40% 
Pt/C catalysts. The durability studies showed that VA-CNTs/GF suffered 11% drop of 




current density after 10,000 s of operation while Pt/C showed 50% drop of current 
density after 20,000 s of operation (Figure 4c). It is worth-noting that, although the GF 
films were thick and the RRDE testing might not provide the sufficient data to evaluate 
their activity, this could be a convenient way of comparing different catalysts under the 
same testing conditions. 
A popular method of increasing the number of triple phase points in fuel cell cathodes 
is application of a thin and highly hydrophobic micro-porous layer on the substrate 
material leading to reduction of the liquid saturation in the catalyst layer.[77] The method 
was firstly used on noble metal electrocatalysts by application of 
poly(tetrafluoroethylene) (PTFE) hydrophobic agents onto Teflon treated carbon fiber 
papers loaded Pt/C catalyst, boosting oxygen diffusion though the cathode. Similarly 
Lu et al. illustrated a ‘superaerophilic’ free-standing structure by growing porous 
cobalt-incorporated nitrogen-doped carbon nanotube (CoNCNTs) arrays on carbon 
fibre paper (CFP) with PTFE post treatment.[13h] Compared to commercial Pt/C loaded 
carbon fiber paper (Figure 5a-d,), CoNCNTs possessed abundant three-phase contact 
point (TPCP) which was obtained through this ‘superaerophilic’ construction, and 
greatly increased the utilization of electrocatalysts and catalytic efficiency. The 
electrochemical performance of this free-standing electrode was measured in a three-
electrode glass cell with O2 bubbled through the electrolyte. CoNCNTs showed a lower 
onset potential than Pt/C catalyst on PTFE coated Teflon treated carbon fiber paper, 
due to the intrinsic catalytic properties and higher current density as its 




‘superaerophilic’ architecture (Figure 5e). Notable ORR performance was obtained in 
a wide pH window (both in acid and base media, Figure 5f). Subsequently, PTFE 
treated CoNCNT carbon fiber paper showed superior stability at high current density 
(Figure 5g), attributed to the high surface area afforded by the morphology and 
excellent connectivity between the CoNCNT and carbon fibre substrate. Carbonisation 
of precursors based on metal-organic framework confined within crystal lattices has 
recently emerged as promising route of synthesising highly electroactive, defect and 
dopant rich materials.[78] Wang’s group has used such approach, forming ZIF-8 in the 
presence of NaCl salt which was subsequently carbonised giving a 3-dimensional 
structure composed of linked defect rich, N-doped carbon polyhedron nanosheets. The 
electrocatalyst has shown comparative performance to a Pt based electrocatalysts, 
having a significantly higher performance than polyhedron carbon synthesised without 
the presence of salt. This has been ascribed to NaCl acting as a pore forming agent in 
addition to preserving the decomposed intermediate species resulting in significantly 
higher yield, number of defects and N-doping level.[78] 
A summary of the fabrication and performance of the freestanding ORR electrocatalysts 
is presented in Table 2. The electrochemical characterization process of freestanding 
ORR electrocatalysts is still predominantly chosen to be conducted using the RDE 
method due to pre-existing lab equipment. However, the optimal structure of a free-
standing electrode consists of porous hierarchical design and optimized surface 
chemistry to promote oxygen diffusion within the electrode and throughout its porous 




structure, which would result in improvement of oxygen uptake and thus increasing the 
ORR performance.[13h, 25, 79]   
3.3. ORR/OER bifunctional electrocatalysis 
The lack of highly efficient, low cost and durable bifunctional electrocatalyst for both 
ORR and OER constitutes the main bottleneck for the development of cost-effective 
metal-air batteries and reversible fuel cells. Both ORR and OER have been identified 
to require different active sites in carbon materials and metal complexes. This poses a 
challenge for the simultaneous creation of both active sites, necessary for bifunctional 
activity. Many activity descriptors for electroactive materials can be represented as the 
so-called volcano plots, with compositions with optimal adsorbate binding strength or 
location of d-band centre represented at the top, corresponding to the highest 
performance.[80] These volcano plots further exemplify the differences in favourable 
adsorption features for OER and ORR.  
Several strategies have been proposed for the design of ORR/OER bifunctional 
catalysts:  
i) Formation of active sites designated separately to catalyse ORR and OER; an 
example of such approach includes a metal complex electrocatalysts typically utilizing 
transition metal ions like Co ions and Mn ions.[81]  
ii) Alternatively, a composite material is created with one phase showing activity 
towards the ORR and another being electroactive towards OER.  




iii) Creation of multiple active sites through a single process. A typical example are 
carbon materials, in which active sites for both ORR and OER can be formed by 
heteroatoms doping executed by methods such as hydrothermal treatment, plasma 
treatment or pyrolysis with dopant atoms in a range of chemical environments.[82] 
iv) Creation of bifunctional active sites which are active towards both OER and ORR. 
For example, transition metal perovskite-type materials, where catalysis of both ORR 
and OER occurs on a single active site.[83] 
3.3.1. Transition metal-based bifunctional electrocatalysts 
Transition metal compounds containing Co or Mn are often chosen for OER/ORR 
bifunctional electrocatalysis due their inherently high electroactivity and low cost.[84] 
Zhang et al. reported a novel fabrication strategy of freestanding bifunctional 
electrocatalyst which consisted of electrodepositing conductive polypyrrole fibers onto 
a carbon cloth substrate, followed by immersion for 12 h in cobalt nitrile and 2-
methylimidazole, to deposit a zeolitic metal-organic framework (ZIF-67), designed to 
increase porosity and introduce cobalt into the structure. This was subsequently 
pyrolyzed to yield a pearl-like structure of Co4N anchored on the nanofibers (Figure 
6a).[16b] At an overpotential of 570 mA, the electrocatalyst produced a current density 
of 130 mA cm-2 and the ORR limited current density was around 20 mA cm-2. The 
electrocatalyst was fabricated into a flexible electrode for Zn-air battery which attained 




maximum power density of 174 mW cm-2, and a charge/discharge voltage gap of 0.84 
V at 10 mA cm-2.  
Other strategies included the growth of N-doped carbon nanotubes via first coating the 
Ni foam with Al and Co nanoplatelets hydrothermally, followed by pyrolysis in N2 
atmosphere in the presence of ZIF-67 precursor. The electrocatalyst produced 10 and 
50 mA cm-2 at an overpotentials of 265 and 368 mV for OER, respectively, showing 
extraordinary performance amongst other freestanding electrocatalysts. The 
freestanding structure was used as air cathode of a Zn-air battery exhibiting with energy 
density: 382 Wh kg−1 and producing charge/discharge voltage gap of 0.96 V at 5 mA 
cm−2 current density. The superior performance could be attributed to the excellent 
contact between the Ni substrate and CNTs, hierarchical cactus-like morphology, 
affording high surface area and high inherent activity of N-doped CNTs.[85]  
In a similar effort, Chen’s group electrodeposited iron oxide on stainless steel substrate, 
to serve as nucleation sites for the growth of N-doped carbon nanotubes by CVD, 
followed by electrodeposition of Co4N nanoplatelets and annealing. This resulted in a 
morphology resembling human hair arrays.[22] The electrocatalyst produced current 
densities of 10 mA cm-2 at overpotentials of 300 mV and 440 mV for OER and ORR, 
respectively, indicating a high electrocatalytic activity. The Zn-air battery assembled 
using the freestanding material achieved an impressive energy density value of 847.6 




Wh kg−1 at 20 mA cm-2 current density, combined with excellent durability as indicated 
by no visible voltage loss over 500 h of cycling. 
Whilst the fabrication strategies mentioned above demonstrated feasibility for 
fabrication of freestanding air electrodes, they usually involve multistep processes and 
utilize relatively expensive precursors for metal-organic frameworks, limiting their 
commercial feasibility and scalability. 
3.3.2. Carbon-based bifunctional catalysts 
In our previous work, we reported how active site engineering can lead to superior 
OER/ORR activity in carbon based graphitic materials.[82] Density functional theory 
(DFT) calculations identified the active sites for ORR and OER on graphene co-doped 
with P–N sites for OER and N-doped sites for ORR.[82] Recently, Wang et al. proposed 
an Ar-plasma etched carbon cloth (P-CC) as ORR/OER bifunctional catalyst and 
analysed the activity of oxygen-doping and defects by DFT calculations.[13g] As shown 
in Figure 7a, b, the surface of the carbon cloth exhibited exposed, rich, graphene-like 
carbon nanosheets. The modified surface provided higher ORR/OER activity than 
pristine carbon cloth while the internal part of the carbon cloth retained its conductivity, 
flexibility and mechanical strength (Figure 7c, d). DFT calculations demonstrated that 
defective graphene structure with COOH species and non-defective graphene with C=O 
species had lower overpotential, and that the active sites are on the positive-charged 
carbon atoms.[13g] Figure 7e, f show the ORR and OER volcano plots of different active 




sites on graphene material, respectively. The ORR/OER bifunctional activity of a 
carbon nitride sponge doped with N, P and S heteroatoms was also investigated.[86] DFT 
calculations identified positive charged P+ centers and carbon atoms adjacent to 
thiophene or benzothiadizole structures as active centers for ORR, whereas nitrogen 
and oxygen were responsible for the OER activity.[5f, 16a, 66a, 86-87] Qiao et al. proposed a 
carbon fiber paper supported P-doped carbon nitride as bifunctional ORR/OER 
catalyst. This was one of the earliest works reported on freestanding carbon materials 
applied in Zn-air batteries.[5f, 16a] P-doped carbon nitrides were grown in situ on carbon 
paper by assembly of melamine and ethylene diphosphonic acid. The as-obtained PCN-
CFP showed good flexibility and porous surface (Figure 8a-c). LSV and Tafel plots 
demonstrated a superior bifunctional activity and higher stability (Figure 8d). When 
tested in a Zn-air battery configuration (Figure 8e), PCN-CFP exhibited better 
performance than carbon fiber paper supported Pt catalyst,[5f, 16a] with a current density 
of 20 mA cm-2 at 1.05 V during discharging and 2.46 V during charging. No obvious 
potential change was observed after 50 charge-discharge cycles. Other freestanding 
carbon materials reported as ORR/OER bifunctional catalysts included H2-etched 
carbon cloth and carbonized polyimide films showing acceptable performance.[5d, 16c, 88]  
Flexible electronics devices including roll-up displays, bendable smart phones, 
implantable biosensors, wearable have emerged rapidly in the recent years, creating an 
acute demand for viable flexible electrodes.[81b, 89] Wang et al. synthesized a flexible 
freestanding nanoporous carbon fiber films (NCNF) electrodes and utilized them in 




flexible Zn-air batteries (Figure 9a, b).[5d, 88] The configuration of the flexible solid-
state Zn-air battery consisted of freestanding NCNF air-cathode, zinc foil anode, 
alkaline poly (vinyl alcohol) (PVA) gel electrolyte and nickel foam current collector 
(Figure 9c, d). The as-fabricated Zn-air battery showed good flexibility, showing no 
obvious changes on the charge-discharge curve when the device was bended to a large 
angle or folded back to front (Figure 9e, f). These results show great potential of 
freestanding ORR/OER catalysts towards metal-air battery powered wearable 
electronic devices. The summaries of the performances of both metal-based and carbon-
based freestanding OER/ORR bifunctional catalysts are listed in Table 3 and 4. Table 
c3 shows the OER/ORR electrocatalytic performances while Table 4 presents the Zn-
air battery performances. 
4. Summary and outlook 
Freestanding materials possess obvious advantages that make them ideal for oxygen 
electrocatalysis applications, these including high electrical conductivity, high loading 
amount of active materials and high stability compared to powdered catalysts. This is 
due to a greater choice of precursor combinations, nanostructure manipulation, 
processing techniques and lack of binders. Commercial metal foams, metal plates, 
carbon fibers, and laboratory-synthesized carbon frameworks are used as skeletons for 
freestanding oxygen electrocatalysts. As summarized in this review, freestanding 
catalysts can afford extremely high and stable current densities, attributed to the high 




mass-loading of active sites and the integrated structure. Moreover, the monolithic 
structure of freestanding catalysts facilitates their applications in water-splitting devices 
and Zn-air batteries. 
As a promising category of electrocatalysts, freestanding materials still need further 
research to improve their performance. Here are some specific points that should be 
considered in future studies: 
i) For OER electrocatalysis, the corrosion of the catalyst material at high potential is a 
key factor that affects stability, especially for carbon materials. Carbon skeletons 
without enough strength may even collapse in the severe OER condition. ii) The pore 
structure design and interface engineering are of great significance in gas-involving 
reactions. For freestanding catalysts, usually without rotation to accelerate mass 
transport, the rapid release of oxygen during OER, and the formation of abundant tri-
phase regions during ORR are required. iii) The use of freestanding materials is 
essentially a way to increase the quantity of active sites, and then promote the catalytic 
activity. The research on freestanding catalysts should be combined with studies on the 
intrinsic activity of active sites, which is especially important to OER/ORR bifunctional 
electrocatalysis. 
The increasing demand for sustainable energy calls for green, renewable energy sources 
and corresponding energy devices. Freestanding catalysts for oxygen evolution and 
reduction reaction are expected to play an important role in the development of the 




energy devices. We hope that this review could inspire more research to improve the 
performance of freestanding electrodes, making them more suitable to fit the demand 
for durable and efficient energy conversion devices. 
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Table 3. Summary of best performing sample from each presented reference in section 3.3 (ORR+OER bifunctional), all potentials mentioned are 
vs RHE. 
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Table 4. Summary of Zn-air battery performances of best performing sample from each presented reference in section 3.3 (ORR+OER 
bifunctional). 
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Scheme 1. Freestanding catalysts for oxygen electrocatalysis. Two categories of 










Figure 1. a) Optical images of Ni foams before (left) and after (right) the deposition of 
NiFe LDH. b) and c) Low- and high-magnification SEM images of NiFe LDH 
nanosheets deposited on Ni foam. Inset: cross-view SEM image and typical TEM 
image, scale bar: 100 nm. d) LSV plots and e) Tafel plots of various catalysts. The 
electrochemical tests were performed in O2-saturated 0.10 M KOH electrolyte. f) 
Stability test of 3D NiFe LDH film deposited on Ni foam and Ir/C loaded on Ni foam 
with the same loading amount as NiFe LDH.[55] Reproduced with permission from Ref 
55. Copyright 2014 Royal Society of Chemistry. 
 





Figure 2. a) Oxygen electrochemical catalysis on NG-CNT in 0.1 M KOH electrolyte: 
LSV plots in comparison with IrO2 collected at 30 mV s
-1; inset: corresponding data re-
plotted as the current density vs. overpotential. b) Chronoamperometric response at 
0.55 V vs. Ag/AgCl; inset: LSV plots for the 1st and 800th potential cycles.[28a] 
Reproduced with permission from Ref 28a. Copyright 2014 John Wiley and Sons.  
 





Figure 3. a) Photograph of free-standing films and disk-shaped N-CNF for modification 
of the electrode. b) TEM images of N-CNF. c) LSV for ORR testing of N-CNF and 
Pt/C in O2-saturated 0.1M KOH solution at 10 mVs
-1 scan rates at 1600rpm rotation 
rate. d) Chronoamperometric response of N-CNF and Pt/C at -0.26 V in O2-saturated 
0.1M KOH at 1600rpm rotation rate.[75] Reproduced with permission from Ref 75. 
Copyright 2013 Royal Society of Chemistry. 





Figure 4. a) Synthesis route of N-VA-CNTs/GF. b) LSV curves of graphene foam (GF), 
800°C treated N-doped vertically aligned carbon nanotubes supported by graphene 
foam (N8-VA-CNTs/GF), undoped VA-CNTs/GF (COOH-VA-CNTs/GF) and 
commercial 40wt% Pt/C catalyst. c) Durability evaluation of N8-VA-CNTs/GF and 
40% Pt/C for 20000s.[17] Reproduced with permission from Ref 17. Copyright 2017 
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Figure 5. Schematic illustration of a) commercial Teflon-treated carbon paper with Pt/C 
catalyst (Pt/C-TCFP) under electrolyte, b) commercial air electrode with an additional 
MPL located between TCFP and Pt/C catalyst (Pt/C-MPL-TCFP), c) ‘superaerophilic’ 
structured electrode. d) SEM image of CoNCNT arrays on CFP (scale bar is 2µm). e) 
ORR polarization of the three electrodes showed in (a-c) in oxygen bubbled 6M KOH 
solution. f) ORR current density of the three electrodes at 0.3V in both basic and acidic 
solution. g) Chronoamperometric response for the three electrodes.[13h] Reproduced 
with permission from Ref 13h. Copyright 2016 John Wiley and Sons. 
  






Figure 6. a) Schematic representation of the synthesis of Co4N/CNW/CC. b) SEM 
image of Co4N/CNW/CC. LSV curves for c) OER and d) ORR at a scan rate of 5 mV 
s−1 in 1 M KOH of Co4N/CNW/CC. Photograph of e) conventional Zn-air battery and 
f) flexible Zn-air batteries with Co4N/CNW/CC as air cathode.
[16b] Reproduced with 
permission from Ref 16b. Copyright 2016 American Chemical Society. 
 
 





Figure 7. a) SEM image of P-CC. b) TEM image of P-CC. c) LSV curves of CC and P-
CC for OER at 5 mV s−1 scan rate in 1.0 M KOH. d) Cyclic voltammograms (CV) of 
CC and P-CC for ORR at 50 mV s−1 scan rate in both N2 and O2-saturated 0.1 M KOH. 
Volcano plots for e) ORR and f) OER on different sites of armchair and zigzag graphene 




nanoribbons.[13g] Reproduced with permission from Ref 13g. Copyright 2017 John 
Wiley and Sons. 






Figure 8. a-c) SEM images of PCN-CFP (Inset (a): photograph of PCN-CFP). d) LSV 
of PCN-CFP, CN-CFP, Pt-CFP and CFP in O2-saturated 0.1 M KOH solution at 0.5 
mV s-1 scan rate (Inset: Tafel plots of PCN-CFP, CN-CFP and Pt-CFP). e) Charge-
discharge cycling curves using PCN-CFP and Pt-CFP directly as the air cathodes (Inset: 
schematic configuration of Zn-air batteries).[16a] Reproduced with permission from Ref 
16a. Copyright 2015 John Wiley and Sons.   





Figure 9. a) Photograph of flexible NCNF. b) SEM images of NCNF. c) Schematic 
representation and d) photograph of the all-solid-state rechargeable Zn-air battery. e) 
Galvanostatic discharge-charge cycling curve at 2 mA cm-2 for the all-solid-state 
rechargeable Zn-air battery with NCNF-1000 as catalyst, applying bending strain every 
2 h. f) Photograph of a blue LED (≈3.0 V) powered by three all-solid-state Zn-air 




batteries in series.[88] Reproduced with permission from Ref 88. Copyright 2016 John 
Wiley and Sons. 
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